There are many similarities between the trigeminal system and the spinal cord with respect to the peripheral and central nervous mechanisms underlying the sensation of pain. There are several recent reviews which give excellent accounts of what is known about the neural mechanisms involved in pain (e.g. Zimmermann 1979 , Dubner et al. 1978 , but this paper is restricted to discussing some aspects of trigeminal pain mechanisms which are of particular current interest.
Sensory mechanisms in dentine Possible receptor mechanisms in dentine have been reviewed by Matthews (1976) , who stated that three mechanisms had to be considered. This is still the case; they are as follows:
(1) that there are sensory nerve endings distributed throughout the dentine and these are activated directly when the dentine is stimulated;
(2) that nerve endings in the predentine or the outermost area of the pulp are excited by an indirect, passive mechanism, possibly by movement of material in the odontoblast tubules that occurs when dentine is stimulated. This is Brannstrom's hydrodynamic mechanism;
(3) that the odontoblasts are the receptors. If this is the case there has to be a link of some kind between the odontoblasts and intrapulpal nerve endings so that when the odontoblasts are stimulated, action potentials are generated in the pulpal nerves.
Whereas in the past it has been usual to favour the idea of a single mechanism, recently it has been realized that there may be two separate mechanisms operating. It is now quite clear that pain is not the only sensation evoked when teeth are stimulated. Many have noted that both non-painful and painful sensations are reported following electrical stimulation of teeth (Mumford & Bowsher 1976 , Cadden et al. 1983 , and more recent experimental studies have shown that people can discriminate, to a limited degree, between various non-noxious thermal stimuli applied to teeth (Griisser et al. 1983) . It seems feasible that there are two populations of afferent nerve fibres supplying teeth, one concerned with signalling information about noxious stimulation of teeth and another which is sensitive to nonnoxious stimuli. If this is the case, then which receptor mechanism in dentine is associated with each of these groups of afferents? The answer to this question is far from clear but it is appropriate at this stage to examine recent evidence to attempt to determine whether one receptor mechanism is more likely to operate than another.
If radioactively-labelled amino acid is deposited close to the cell body of a neurone it is taken up by the nerve and incorporated into some other substance, which is then transported along the axon by rapid, anterograde axonal transport to the nerve terminals. The presence of this radioactively-labelled material can be revealed using histological and autoradiographic techniques. Ten years ago it was hoped that this technique would help to determine the extent of innervation of dentine. The early results obtained were promising (Weill et al. 1975 , Fink et al. 1975 , Byers & Kish 1976 , but it became immediately apparent that there was a problem with the interpretation of the autoradiographs. It is possible that the labelled material could have passed from the nerve endings to the odontoblasts, either non-specifically by leakage from the nerve endings, diffusion and then uptake by the odontoblasts, or specifically via specialized cell junctions between the nerve endings and odontoblasts. It is therefore difficult to determine whether labelled material in an odontoblast tubule indicates the presence of a nerve process or of an odontoblast process. There is a need for a set of criteria which can be used to distinguish between the processes of these two types of cell, and Holland (1980) has taken preliminary steps in drawing up such a scheme on the basis of the varying proportions of microtubules and microfilaments that are present in pulpal nerves and odontoblasts. No one has yet applied this method of analysis to autoradiographic material and so accurate information on the extent to which dentine is innervated is not yet available.
Interest in the possibility that the odontoblast acts as the receptor has been rekindled by the finding that there are specialized junctions (gap junctions) between cell processes in the predentine region and in the odontoblast layer (Holland 1977) . If these junctions are between nerve terminals and odontoblasts, they could be the basis of the functional link between the two types of cell mentioned earlier. There are problems, however, with the identification of the cell processes. There is no means of determining whether the junctions are nerve/nerve junctions, nerve/odontoblast junctions, odontoblast/odontoblast junctions or junctions between one of these cell types and another kind of cell (e.g. pulpal fibroblasts). Holland (1980) has shown that it may be possible to distinguish between a nerve process and an odontoblast process, but not between a nerve process and a fibroblast process. Until this problem can be overcome, the significance of these gap junctions will remain an open question.
In summary, despite recent experimental work, little can be added to the conclusions of Matthews (1976) . There is no unequivocal evidence for any of the three receptor mechanisms that have been proposed for dentine, but it is probably true to say that the idea that the odontoblast acts as the receptor is the least likely. It may be that both the other two mechanisms operate, one for a population of pulpal afferents involved in nociception and the other for a second group of afferents which respond to non-noxious stimulation of the tooth.
Recordings of intradental nerve activity in man
The most satisfactory way to obtain information on pain mechanisms in man is to carry out human experiments. One experiment that ought to provide valuable data is the application of a battery of stimuli to a tooth while recording the activity of nerves supplying the pulp of that tooth, and at the same time noting any sensations reported by the subject. Thus one could correlate stimulus, afferent nerve activity initiated by that stimulus and the sensation evoked ·by that activity. This experiment, although simple in concept, has proved very difficult to carry out, mainly because it has been hard to devise a reliable method for recording the activity of tooth-pulp afferents in man. One approach has been to insert electrodes into a tooth and to record the activity of intrapulpal nerves through the dentine (Scott 1972 , Edwall & Olgart 1977 , but with such a technique one has to be certain that all the recorded activity originates from intrapulpal nerves. Professor Matthews, Dr Kollmann and Dr Suda, working in Bristol, have recently attempted to record intradental nerve activity from their own teeth using a modification of a technique that has proved reliable in experimental animals (Horiuchi & Matthews 1974) . They have found that in these experiments the tooth electrodes can pick up electrical activity from nearby muscles, particularly the lip muscles, and this contaminates the records obtained. They are currently trying to improve their recording system to overcome this problem.
Another approach that may prove successful is to record from single tooth-pulp afferents using a fine tungsten wire electrode inserted into the inferior alveolar nerve. Johansson & Olsson (1976) have successfully used this method to record from periodontal and oral mechanoreceptor afferents. However, these afferent nerve fibres are relatively large and it may be more difficult to obtain recordings from the smaller tooth-pulp afferents.
Branched nerves supplying teeth In many instances the pain that accompanies pulpitis is poorly localized, with the patient being uncertain which tooth in the appropriate quadrant is the source of pain. There are several possible explanations which either alone or in combination could account for this. Deep tissues, of which tooth-pulp is an example, are sparsely innervated in comparison with superficial tissues and in addition there is a lack of visual and tactile clues. There is also considerable convergence of primary afferent nerve fibres from different teeth onto second and higher order neurones in the trigeminal sensory nuclear complex (Mumford & Bowsher 1976 , Dubner et al. 1978 . This convergence of neural inputs from different peripheral structures onto common central neurones is likely to be a major factor contributing to poor localization and referral of pain. An alternative or additional explanation is that there are branched sensory nerves -single fibres with two distinctly separate receptive fields. This was proposed by Sinclair et al. (1948) but their idea has never been accepted generally because of lack of evidence that such fibres exist. Some years ago, a group of sensory Qerve fibres in cats were described, which branch to supply the pulps of more than one tooth or the pulp of one tooth and the adjacent mucosa, periosteum or periodontal ligament (Lisney & Matthews 1978) . If similar nerves exist in man in significant numbers, this could contribute to the difficulty in accurately locating the source of a toothache.
Sensory fibres in the trigeminal motor root
Occasionally sectioning of dorsal roots fails to bring about the relief of pain that was anticipated, and one possible explanation is that there are some sensory fibres that enter the spinal cord via the ventral roots. There is now good anatomical and electrophysiological evidence that such a situation does exist in experimental animals (Emery et al. 1977 . The parallel of this in the trigeminal system is the operation of trigeminal sensory root section for alleviation of intractable facial pain. This too is sometimes unsuccessful and, by analogy with the spinal cord, it has been proposed that some sensory fibres from the face enter the brain stem in the trigeminal motor root. There is no doubt that some proprioceptor afferents from masticatory muscles travel via the motor root (Matthews 1975) but it is only relatively recently that Young and his co-workers (Young & Stevens 1979 , Young & Kruger 1981 , using histological techniques, have shown that there are small diameter afferents in the trigeminal motor root in man and in the cat. These small diameter myelinated and unmyelinated afferents may well be associated with nociception but this has yet to be proved. Robinson et al. (1982) have carried out tooth-pulp vitality testing on subjects who have had trigeminal sensory root section, and have found that electrical stimulation of some anterior teeth on the same side of the face as the root section results in reports of pain by some subjects. This may mean that these teeth are supplied by nerves which pass to the trigeminal nucleus via the motor root or alternatively, as Robinson et al. have suggested, these teeth may have become innervated by collateral sprouts of neighbouring nerves which were prompted into sprouting by the initial denervation of the jaws following the sensory root section. There is therefore evidence that there are small-diameter sensory fibres in the motor root, but it is not possible to say whether any of these fibres are concerned in pain.
Organization of the trigeminal sensory nuclear complex It has been observed that patients in whom the trigeminal nucleus caudalis on one side has been destroyed by disease have complete or partial loss of pain and temperature sensation on the side of the face ipsilateral to the lesion, with little or no loss of tactile sensibility (Hun 1897 , Wallenberg 1901 , Gerard 1923 , Stopford 1924 . These observations led to the view that the trigeminal nucleus caudalis was the synaptic station for afferent nerves concerned with facial pain and temperature sensation. Furthermore, since tactile sensibility remained more or less unchanged in these patients, it was proposed that the trigeminal main sensory nucleus was the major site where afferent nerves conveying information about tactile stimulation of the face relayed with higher order neurones. The idea that there were functional subdivisions within the trigeminal nuclear complex became an accepted point of view and it formed the basis for Sjoquist's trigeminal tractotomy operation for the relief of facial pain (Sjoquist 1938) . The success achieved with this operation would seem to suggest that this concept of functional subdivisions was correct. If this view of the trigeminal sensory nuclear complex is right, one would predict that a lesion of the main sensory nucleus, which does not involve afferent fibres passing to other parts of the complex, should produce an ipsilateral loss of tactile sensibility, with no loss of pain and temperature sensibility. Wall & Taub (1960) presented an alternative account of how the trigeminal sensory.
nuclear complex may be organized and more recently Denny-Brown & Yanagisawa (1973) have restated this idea in more detail. The proposal is that there are no functional subdivisions within the complex, but instead the nervous outflow from the complex as a whole has to be considered. For sensations to be registered, the neural output from the complex to some other part of the central nervous system has to reach certain critical levels.
The critical level of nervous activity required for pain is higher than that for temperature sensation and this in turn is higher than the level of activity necessary for touch. Thus pain is the most susceptible to any loss of output from the complex, followed by temperature sensibility and finally tactile sensibility. If this proposal of Denny-Brown & Yanagisawa (1973) is correct, then the destruction of the main sensory nucleus ought to result in the same sort of disturbances of facial sensation as are seen when the nucleus caudalis is destroyed.
It ought to be possible to get an indication as to which of these two theories is closest to the truth by finding out what the consequences of loss of the trigeminal main sensory nucleus are with regard to facial sensation. There appear to have been only four cases reported in the neurological literature where it was thought that the patient concerned had a lesion of some sort affecting one trigeminal main sensory nucleus while sparing the rest of the sensory nuclear complex on the same side. These have been described in detail elsewhere (Lisney 1983) . None of the cases is entirely satisfactory; in all instances there were other neurological problems in addition to changes in facial sensation and in only two of the four was there a post-mortem examination of the brain to confirm the lesion site. On the positive side, the four cases are consistent in that all of the patients showed a loss of tactile sensibility on the side of the face ipsilateral to the lesion, but there was no loss of pain or temperature sensibility. These observations are consistent with the popularly held view that there are functional subdivisions within the trigeminal sensory nuclear complex.
